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Persistent proximal tubule dysfunction late in Ileymann nephritis. To
determine whether proximal tubule function returned to normal after
cessation of active immunological injury in Heymann nephritis, we
compared kidney function in an acute stage of the disease, when
antibodies were being deposited on the brush border, to a later, chronic
stage. Renal blood flow measurements via a flow probe, along with
clearance and micropuncture techniques, were used to measure renal
plasma flow, glomerular filtration rate, protein and albumin excretion,
organic ion (PAH and TEA) extraction and tubule fluid inulin concen-
tration. Proximal tubule fluid reabsorption, which was depressed in the
acute stage of injury, returned to normal in chronic Heymann nephritis,
but both PAH and TEA extraction continued to be depressed. PAH
extraction was also decreased in isolated perfused kidneys from rats
with Heymann nephritis. A three fold increase in PAH content of these
perfused kidneys indicated that there was a defect in luminal PAH
transport. Reconstitution of the proximal tubule brush border in chronic
Heymann nephritis was not accompanied by functional recovery of
secretory processes.
Rats with Heymann nephritis make antibodies that are di-
rected against antigens present on visceral epithelial cells of
glomeruli and brush borders of proximal tubule cells [1—3]. The
deposition of those antibodies in the glomerular capillary wall
leads to membranous nephropathy. With the onset of protein-
uria, antibodies reach the proximal tubule lumen and deposit on
the brush border, causing loss of microvilli and flattening of the
epithelium [41. The disruption of normal tubule architecture is
accompanied by significant defects [5]. Several months after the
immunization that produces Heymann nephritis, circulating
antibody titers fall, causing gradual cessation of active anti-
body-mediated injury to both tubules and glomeruli [4, 6].
Despite waning of the immune response, granular immunoglob-
ulin deposits persist in subepithelial glomerular sites, Rats with
Heymann nephritis have abnormal glomerular basement mem-
branes and remain proteinuric for the rest of their lives. In
contrast, immune deposits in the tubules disappear completely,
and most tubules regain a nearly normal morphology [41.
We observed in a previous study [5] that proximal tubule fluid
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reabsorption and organic ion secretion were depressed in the
active stage of Heymann nephritis when antibodies were being
deposited on the brush border. Therefore we wished to learn
whether defects of proximal tubule function were, like protein-
uria, also a feature of chronic Heymann nephritis, or whether
restoration of the normal appearance of the tubule epithelium
might be accompanied by the recovery of normal function. For
that purpose, we measured kidney function by clearance and
micropuncture techniques in the acute stage of Heymann ne-
phritis, when antibodies were being deposited on the brush
border, in an early chronic stage, just after those antibodies had
disappeared from the proximal tubules, and in a late chronic
stage, five to six months after the cessation of antibody-
mediated injury to the brush border. We also assessed kidney
function in acute and chronic Heymann nephritis with clearance
techniques in the isolated perfused rat kidney preparation.
Methods
Animals
Heymann nephritis was induced in female LEW rats (Charles
River Breeding Laboratories, Wilmington, Massachusetts,
USA) by immunization with Fx1A [7] as described previously
[5]. To monitor the course of Heymann nephritis, serum and
urine antibody titers were measured by means of indirect
immunofluorescence tests 14]. Urinary protein concentration
was determined with the biuret test. Kidney function was
measured at three different times after immunization.
1) Acute Heymann nephritis (mean age 8 months; N = 31).
Three months after the onset of proteinuria, circulating titers of
anti-brush border antibodies high, heavy immune deposits in
the proximal tubules [4, 6].
2) Early chronic Heymann nephritis (mean age 9 months; N
= 23). Four months after the onset of proteinuria, brush border
antibody titers low or absent, tubule immune deposits absent [4].
3) Late chronic Heymann nephritis (mean age 15 months; N
= 32). Nine months after the onset of proteinuria, circulating
brush border antibodies and tubule immune deposits absent.
Eight-month-old normal female Lewis rats (N = 20) were
studied as control animals in acute and early chronic Heymann
nephritis, and fifteen-month-old rats (N = 17) as controls for
animals in late chronic Heymann nephritis. The rats were fed a
14% protein diet.
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Immunopathology
Rats were killed at the conclusion of micropuncture experi-
ments. One kidney was removed surgically and frozen for
immunofluorescence microscopy. The other kidney was fixed
by perfusion in situ [4] and evaluated by light microscopy.
Similar observations were also made on the left kidney of rats
whose right kidneys were used in isolated perfusion experi-
ments. Kidney tissue was obtained from all rats used for
micropuncture or perfusion experiments. Samples from eight
rats in each group were evaluated in detail. As in past studies of
Heymann nephritis, a semi-quantitative estimation of the extent
of proximal tubule brush border damage in individual rats was
made from examination (at a magnification of x 450) of tissue
from at least four randomly chosen cortical areas, according to
previously described criteria [41.
Damage of the proximal tubules. In each of four areas
approximately 50 proximal tubules were judged for loss of
brush border, expressed as the percentage of brush border
missing or severely damaged in an individual tubule. Four
categories were distinguished: (1) more than 75%, (2) 50 to 75%,
(3) 25 to 50%, and (4) less than 25% of brush border completely
absent or severely damaged. Scoring of the severity of several
other aspects of tubule pathology in the kidney cortex was
based on criteria used in the past [4].
Interstitial mononuclear infiltration. These were scaled as:
3.0 = extensive and diffuse; 2.0 = many scattered foci; 1.0 =
occasional foci and isolated cells; 0 = none. Casts were rated:
3.0 = >20% cortical tubules with casts; 2.0 =5 to 20% cortical
tubules with casts; 1.0 = occasional cortical tubules with casts;
0 = normal. Tubular basement membrane was delineated: 3.0
severe thickening and wrinkling of >20% tubules; 2.0 = mod-
erate thickening and wrinkling of 5 to 20% tubules; 1.0 =slight
thickening of a few scattered tubules; 0 = normal.
Kidney function
Two days before micropuncture experiments, urine was
collected from animals kept in metabolism cages for 16 hours
with free access to water, but deprived of food. Blood samples
were obtained from the tail vein at the end of the collection
period. Protein and sodium excretion, plasma protein compo-
sition and cholesterol concentration were determined from the
samples.
Micropuncture studies, Animals were anesthetized by an
intraperitoneal injection of mactin (Promonta; 10 mg/l00 g body
wt) and prepared for micropuncture by conventional techniques
[5]. An intravenous infusion of isotonic saline solution was
administered at 0.06 mI/mm into the right jugular vein. The
infusion contained 4 g/dl of synthetic inulin (polyfructosan,
Laevosan), 0.1 g/dl of para-amino-hippuric acid (PAH) and
[l-'4C]-tetraethylammonium bromide (TEA; New England Nu-
clear Corp., Boston, Massachusetts, USA sp. act. 4.8 mCi!
mmol) for the measurement of glomerular filtration rate (GFR),
PAH clearance (CPAH), and TEA clearance (CTEA), respec-
tively. Plasma '4CTEA concentration was maintained at 0.005
pCi/mi. Urine was collected by a bladder catheter (PE 160
tubing) that led into a weighed tube. Tail blood samples were
taken at the beginning and end of each 60-minute clearance
period. Mean arterial blood pressure was monitored from the
left internal carotid artery by using a Gould P32 ID transducer
(Gould Inc., Oxnard, California, USA) and monitor (model SP
1405). Samples of tubule fluid were collected from sites in prox-
imal convoluted tubules for determination of the (TF/P)111 ratio
[51. A drop of mineral oil stained with Sudan black expressed
from the puncture pipette indicated the direction of flow and
allowed us to identify each site as early, middle or late proximal
convoluted tubule. The late proximal tubule was identified
when the oil droplet reappeared once or not at all. In each
animal several samples from each site were collected. An
analysis of the location of samples from control and experimen-
tal animals showed the following distribution: Control - early -
26%, middle - 33%, late - 41%; Experimental - early - 27%,
middle - 36%, late - 37%. Therefore (TF/P)11 values were
termed mean values.
Direct determination of renal blood flow. Blood flow in the
right renal artery was measured continuously by a small-
diameter flow transducer (EP model 401.5, 1.5 mm circum.
lumen size) connected to a square-wave electromagnetic flow-
meter with attached recorder (model 501, Carolina Medical
Electronics, Inc.). Renal plasma flow was calculated from the
renal blood flow and the hematocrit.
Studies in the isolated perfused rat kidney. The perfusion
technique, apparatus and perfusion circuit have been described
previously [8]. The kidney was perfused at 38°C with a mean
perfusion pressure of 100 mm Hg distal to the tip of the stainless
steel arterial cannula. The perfusate consisted of 7 g/dl of
albumin in modified Krebs-Ringer-bicarbonate buffer which
contained polyfructosan (synthetic inulin; 100 mg!dI), PAR (3
mg/dl), urea (7 mM), glucose (5 mM), lactate (6 mM), alanine (2
mM), aspartic acid (3 mM), arginine (1 mM), glycine (2 mM),
isoleucine (1 mM), methionine (0.5 mM), proline (2 mM) and
serine (2 mM). The albumin used in these experiments was
commercial Fraction V bovine serum albumin that had been
treated with charcoal [9] followed by dialysis [10] in order to
remove substrate. It is therefore termed substrate-free albumin
(SFA). All kidneys were perfused for 90 minutes. Renal func-
tion was measured during 10 consecutive seven-minute clear-
ance periods beginning 20 minutes after cannulation of the renal
artery. Samples of arterial and venous perfusate were taken in
the middle of each clearance period.
Analytical methods
Urine plasma and perfusate polyfructosan concentrations
were measured by the anthrone method of Fuhr, Kaczmarczyk
and Kruttgen [11], Polyfructosan concentration in tubule fluid
was determined by a micromodification of the same method
[12]. PAH concentrations in urine, plasma and perfusate were
analyzed according to the method of Smith et al [13]. The
ultrafilterable PAH concentration in perfusate was determined
using a Centricon centrifugal microconcentrator with a 30,000
molecular weight cutoff (Amicon Corp., Danvers, Massachu-
setts, USA). The PAH concentration of the ultrafiltrate was 54
2% (N = 9) of the perfusate concentration. A Packard
(Tri-Carb) liquid scintillation counter (model 4640) was used to
measure '4CTEA. The scintillation fluid consisted of 3 ml of
Hydrofluor (National Diagnostics, Inc.) to which was added 10
to 20 d of plasma or urine. '4C quench standards were used to
determine counting efficiency. The gradient gel electrophoresis
procedure for analysis of plasma and urine protein has been
described elsewhere [14, 15]. Systemic colloid osmotic pressure
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Table 1. Plasma composition and protein excretion in Heymann nephritis
Duration of Protein Albumin
Age proteinuria Protein Albumin excretion excretionCOP Cholesterol
Group months gIdi mm Hg mg/dl mg/24 hr x 100 g body wt
Controls
Early 8 0 7.0 0.2 3.5 0.1 19 1 100 11 0.66 0.06 0.19 0.02
(14) (14) (14) (5) (14) (14)
Late 15 0 7.6 0.2 3.6 0.1 21 1 114 11 1.50 0.42 0.63 0.23
(17) (17) (17) (11) (16) (16)
Stage of Heymann nephritis
Acute 8 3 5.2 0.2° 1.3 0.1° 12 Ia 450 23° 159 + 9 95 5a
(21) (21) (21) (21) (21) (21)
Early chronic 9 4 6.2 04b 1.6 0.2° 15 ia 360 33a,b 129 10a,b 78 6°"
(17) (17) (17) (17) (17) (17)
Late chronic 15 9 5.8 02a.b 1.8 0,1a,b 14 ia 349 42a,b 121 10°" 69 6a,b
(29) (29) (29) (24) (32) (32)
Abbreviation is: COP, colloid osmotic pressure.
Significantly different from age-matched controlsb Significantly different from rats with acute Heymann nephritis
Table 2. Kidney function in Heymann nephritis
Duration of
Age proteinuria C,,, RBF RPF FENa MAP
Group months mi/mm x g kidney wt FF % mm Hg
Controls
Early 8 0 0.87 0.09 5.19 0.30 2.65 0.15 0.26 0.03 0.10 0.03 99 4
(14) (7) (7) (7) (6) (5)
Late 15 0 0.45 0.04" 5.32 0.28 2.75 0.11 0.19 0.02 0.20 001b 94 1
(17) (4) (4) (4) (4) (4)
Stage of Heymann nephritis
Acute 8 3 0.45 0.0? 3.24 0.36a 1.82 0.16 0.20 0.04 0.07 0.02 109 3
(18) (7) (7) (7) (7) (7)
Early chronic 9 4 0.47 0.07° 3.45 0.50° 1.77 0.17° 0.22 0.04 0.14 0.05 109 9
(13) (4) (4) (7) (4) (4)
Late chronic 15 9 0.30 O.04°'° 3.22 0.40° 1.86 0.21° 0.11 0.04 0.27 0.10 100 2
(26) (4) (4) (5) (5) (5)
RPF was calculated by multiplying RBF by (1 — Hct). FF was calculated by dividing C1,,by the RPF in experiments where both were measured
simultaneously. Abbreviations are: C,,,, inulin clearance; RBF, renal blood flow rate; RPF, renal plasma flow rate; FENa+, fractional sodium
excretion; MAP, mean arterial pressure; FT. filtration fraction.
a Significantly different from age-matched controls
b Significantly different from 8 month controls
Significantly different from rats with acute Heymann nephritis
(COP) was calculated from the Pappenheimer-Rankin equations
[161 using values for albumin and high molecular weight protein
(HMW) as determined by electrophoresis analysis. Sodium
concentrations in urine were measured by flame photometer
(FLM3 Flame Photometer, Radiometer, Copenhagen). Choles-
terol concentrations in the plasma were determined by a kit
from Boehringer-Mannheim.
The water content of the kidney was determined from the
difference between wet and dry weights. The kidney was dried
to constant weight in an oven at 90°C for 48 hours. In nine
experiments the perfused kidney was homogenized and the
PAH content of the perfused kidney homogenate was deter-
mined. The supernatant from the homogenized kidneys was
analyzed for PAH [13]. A correction for tissue interference was
made by subtracting color development in the supernatant from
an unperfused kidney homogenate.
The Student's t-test [17] was used for statistical comparison
between: 1) each stage of Heymann nephritis and its appropri-
ate age-matched control; 2) acute and chronic stages of Hey-
mann nephritis; and 3) the eight-month and the fifteen-month
controls. A Mann-Whitney U-test was used for analysis of the
nonparametric histopathology date. P values less than 0.05
were considered significant. All values are given as the mean
SE.
Results
Rats with Heymann nephritis exhibited proteinuria, hypoal-
buminuria and hypercholesterolemia (Table 1) in the acute stage
of kidney injury mediated by anti-brush border antibodies. With
cessation of active injury in the chronic stage, there was gradual
improvement in some aspects of the nephrotic state. Significant
decreases in plasma cholesterol concentration and urinary
protein and albumin excretion were noted in early chronic
Heymann nephritis. A significant increase in plasma albumin
concentration occurred in the late stage. Despite those im-
provements, the nephrotic syndrome persisted.
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Table 3. Kidney weight in Heymann nephritis
Duration of Body Kidney Kidney weight! Kidney weight Water
Age proteinuria weight weight body weight (dry) content
Group months g %
Controls
Early 8 0 262 13 1.71 0.07 0.0066 0.0003 0.360 0.013 79.0 0.3
(14) (14) (14) (8) (8)
Late 15 0 325 11" 2.18 0.10" 0,0067 0.0003 0.437 0.024 78.8 0.3
(17) (17) (17) (7) (7)
Stage of Heymann nephritis
Acute 8 3 218 a 2.63 0.13a 0.0120 0.0005k 0.437 0.023a 80.9 o.5
(18) (18) (18) (8) (8)
Early chronic 9 4 220 6 2.66 0.l2a 0.0121 o.000sa 0.462 0.026a 80.6 0.4
(15) (15) (15) (9) (9)
Late chronic 15 9 230 a 2.81 0.08a 0.0122 0,0003a 0.457 0.049 81.1 o.3
(32) (32) (32) (5) (5)
a Significantly different from age-matched controlsb Significantly different from 8 month controls
Table 4. Proximal tubule function in Heymann nephritis
Duration of
A ' ' CTEA Meange pro einuna mi/mm x g mi/mm x g proximal COPeff
Group months kidney wt EPAM kidney wt ETEA (TF/P), mm Hg
Controls
Early 8 0 2.50 0.21 0.77 0.03 2.16 0.17 0.77 0.04 1.63 0.06 26 2
(14) (7) (5) (5) (24) (5)
Late 15 0 1.47 0.12" 0.58 0.08" 1.45 0.07" 0.52 018b 1.88 0.11 29 3
(17) (4) (4) (4) (33) (4)
Stages of Heymann nephritis
Acute 8 3 0.92 0.12a 0.41 0,06a 0.75 0.07a 0.41 o,osa 1.45 0.03 15 2
(18) (7) (5) (5) (51) (7)
Early chronic 9 4 1.23 0,16a 0.52 0.I3 0.60 0.15a 0.31 O,O6 1.88 0.13C 15 2
(13) (4) (4) (4) (39) (4)
Late chronic 15 9 0.58 0.lOa,C 0.20 O.O4 0.34 0.08 0.16 O.O4C 1.95 0.07C 12 2
(20) (4) (5) (4) (100) (4)
EPAH and ETEA was calculated by dividing the CPAH by the RPF (Table 2), respectively. COPeff was determined by dividing the COP in the
afferent arteriole (COP plasma) by (I — filtration fraction). Abbreviations are: CPAH, PAH clearance; EPAH, extraction ratio for PAH; CTEA, TEA
clearance; ETEA, extraction ratio for TEA; (TF!P),, tubule fluid inulin concentration divided by the plasma inulin concentration; COPeff, colloid
osmotic pressure in the efferent arteriole.
a Significantly different from age-matched controls
b Significantly different from 8 month controls
Significantly different from rats with acute Heymann nephritis
Improvements in the nephrotic state in chronic Heymann
nephritis occurred in the absence of any improvement in renal
hemodynamics (Table 2). As we reported previously [5], acute
glomerular injury caused a 50% reduction in glomerular filtra-
tion rate. In the late chronic stage, glomerular filtration rates
remained 50% below the values in age-matched controls. Sim-
ilarly, a 30% reduction in renal blood and plasma flow rate,
detected in acute Heymann nephritis, persisted chronically.
Kidney hypertrophy, an active event occurring early in Hey-
mann nephritis [5], was reflected by both an increase in kidney
wet wt and the ratio of kidney wt to total body wt in the acute
stage (Table 3). This abnormal ratio of kidney wt to body wt
was maintained throughout the chronic stage without any
further increase in the ratio.
The significant impairment of proximal tubule secretion of
organic acids (PAH) and bases (TEA) that was characteristic of
acute Heymann nephritis persisted into chronic stages of the
disease (Table 4). Clearances of both PAH and TEA, reduced
by 65% in the acute stage of tubule injury, remained depressed
for the next six months. The reduction in renal plasma flow rate
(Table 2) could account for only half the observed decrease in
proximal tubule secretory function. The remainder appeared to
be attributable to a significant decrease in the extraction ratios
for both PAH and TEA (Table 4). The proximal tubule defect in
organic ion transport showed no improvement either in early or
late chronic Heymann nephritis. The clearance and extraction
of TEA were actually significantly lower in the chronic stage
than in the acute stage. In contrast, the deficit in fluid reabsorp-
tion [(TF/P)111ratio], which is also a feature of proximal
tubule dysfunction in acute Heymann nephritis, returned to
normal in the early chronic stage and remained normal there-
after (Table 4). The improvement in proximal fluid reabsorption
occurred despite the fact that colloid osmotic pressure in the
efferent arteriole remained abnormally low.
The isolated perfused kidney preparation was used to char-
acterize more precisely the persistent proximal tubule defect in
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Table 5. Function of perfused kidneys from rats with Heymann
nephritis
Group
Controls
(6)
Acute stage
(10)
Early chronic
stage (6)
Age months 8 8 9
Duration of proteinuria 0 3 4
Perfusion flow rate 35.9 1.4 32.5 1.4 27.3 3.2
mi/mitt x g kidney wt
C10 0.85 0.04 0.22 0.020 0.24 0.060
mi/mm x g kidney wt
FENO % 6.34 1.26 3.05 1.40 4.33 0.61
CPAH 4.10 0.27 2.35 0.440 2.16 0.6S
mi/mitt X g kidney wt
Excreted PAH 59,63 6.27 36.27 5.250 31.43 8.390
/Lg/min X g kidney wt
Filtered PAH 0.86 0.02 0.18 0.0la 0.20 o.o4
,.tg/min x g kidney wt
Secreted PAH 58.77 6.26 36.09 5.25 31.22 8.37a
4ag/min )< g kidney wt
EPAM 0,13 0.02 0.08 0.ola 0.08 0.o2
PAH content of 106 20 376 91 376 io'
perfused kidney (4) (3) (3)
/Lg/g kidney wt
Secreted PAH was calculated from excreted PAH minus the filtered
PAH. Filtered PAH was computed as the product of the ultrafiltrable
PAH concentration in the perfusate times the C10.
Abbreviations are: C10, inulin clearance; FENa, fractional sodium
excretion; CPAH, PAH clearance; EPAN, extraction ratio for PAH.
0 Significantly different from controls
secretion. Measurements of function in isolated perfused kid-
neys from rats with Heymann nephritis paralleled those made
by micropuncture in vivo (Table 5). The clearance of inulin was
significantly lower in isolated kidneys from rats with Heymann
nephritis (acute and early chronic stages) than in controls. The
clearance, secretion and extraction ratio for PAH were de-
pressed by about 50% in the isolated perfused rat kidney
preparation, reflecting well the defect measured in vivo. Essen-
tially all (98.7 1%, N = 6) of the PAH lost from the perfusate
during the perfusion of normal kidneys could be accounted for
by sampling and excretion. In contrast, only 89 4% (N = 14)
of the perfusate PAH was recovered after perfusing kidneys
from rats with Heymann nephritis. That observation was ex-
plained by the retention of PAH within the kidneys of rats with
Heymann nephritis. Kidney PAH content was threefold higher
in Heymann nephritis than in controls (Table 5).
Evaluation of the morphology of proximal tubules and the
kidney interstitium confirmed previous reports of the nature
and severity of damage in the acute stage [4] and the extent of
recovery from that damage in the early chronic stage [4, 181.
The present study revealed that proximal tubule morphology
did not deteriorate after the early chronic stage, and, especially
with respect to the category of most severe brush border loss,
actually came closer to the state of age-matched controls (Table
6).
Discussion
The present study was undertaken to determine whether
proximal tubules regained normal function after cessation of
active immunological injury in Heymann nephritis. Impairment
of proximal tubule function in the early stages [4j of Heymann
nephritis has been clearly documented [5, 19, 20]. Compro-
mised reabsorption and secretion coincides with severe loss of
the proximal tubule brush border. After cessation of acute
injury in Heymann nephritis, there is significant restoration of
proximal tubule morphology [4). We have now shown, in
support of the previous study of Allison and coworkers [21],
that this restoration is accompanied by a return to normal of
tubule proximal fractional fluid reabsorption. However, the
impairment of TEA and PAH secretion that is a hallmark of
acute Heymann nephritis persists, and actually becomes more
severe with age. The secretory defect in PAH transport was
detected both in vivo and in isolated perfused kidneys. We
observed with isolated kidneys taken from both the acute and
early chronic stage of Heymann nephritis an accumulation of
PAH in renal tissue, suggesting that effiux of PAH into the
tubule lumen was compromised. Inhibition of PAH secretion in
uremia in vivo has been associated with accumulation of
inhibitory substances in plasma [22, 23]. Whether similar sub-
stances could account for some of the inhibition of PAH
secretion in Heymann nephritis in vivo is not known. However,
such systemic factors cannot account for impaired secretion in
isolated perfused kidneys.
In the absence of systemic factors one must consider an
intrinsic impairment of transport at one or both epithelial cell
membranes as a possible explanation of the secretory defect. A
study of organic ion transport in kidney cortex slices from rats
with Heymann nephritis [19] identified a persistent basolateral
membrane defect. The mechanism of depressed uptake of TEA
was attributed to a loss of carrier sites, whereas the deficit in
PAH transport was linked to a decrease in the affinity of the
anion for the carrier. However, observations with the slice
technique are necessarily limited to events at the basolateral
membrane. Secretion of organic ions by proximal tubules
involves specific carrier-mediated transport at both basolateral
and luminal membranes [24—32]. Accumulation of PAH in
isolated perfused kidney tissue suggests that a transport defect
may exist at the luminal membrane as well. In support of this
concept, inhibition of PAH transport in brush border membrane
vesicles from rats with Heymann nephritis has been reported by
Goldinger, Hadah and Noble [33].
Transport defects in Heymann nephritis are not limited to
organic ions. Kitazawa et al [20] examined the reabsorption of
a protein tracer, horseradish peroxidase, in all stages of Hey-
mann nephritis. Reabsorption was depressed in the acute stage
of injury and showed no sign of recovery with restoration of the
brush border in a late stage of the disease. This effect was not
a non-specific action of proteinuria, since no inhibition of
horseradish peroxidase uptake was observed in rats with
chronic serum sickness exhibiting similar levels of proteinuria.
The relationship of structural changes to tubule function in
Heymann nephritis has not been addressed systematically in
previous studies [21, 34]. In a very comprehensive study of
chronic Heymann nephritis by Allison, Wilson and Gottschalk
[21], kidney function was analyzed from 5 to 20 months after
induction of disease. Data was compared with respect to
proteinuria and glomerular filtration rates. Time related changes
were never identified and therefore, it was impossible to iden-
tify the pattern of recovery of glomerular or tubular function.
The possibility of persistent proximal tubule impairment in
chronic Heymann nephritis was, however, suggested by a
modest decrease in EPAH. In this study we have observed that
Zamlauski-Tucker et a!: Tubule dysfunction in Heymann nephritis 1541
Table 6. Proximal tubule pathology in Heymann nephritis
Group
Age
Duration of
proteinuria
months
Brush border damage (% tubules with
various amounts of brush border loss)
Tubular
basement
membrane
damagec
Tubule
castsc
Tubulointerstitial
inflammation>75% 50—75% 25—50% <25%
Control
Early 8 0 0 6±3 10±1 85±3 0 0 0
Late 15 0 0 8 5 12 3 80 9 0.5 0.3 0 0.4 0.2
Stage of Heymann nephritisa
Acute 8 3 35 8 31 4 20 4 14 3 0.7 0.2 0.5 0.3 1.1 0,3
Early chronic 9 4 23 7" 15 4b 27 5" 46 4" 0.9 0.1 0.9 0.5 1.2 0.4
Late chronic 15 9 8 4" 10 4b 29 8" 53 5" 1.0 0.1 1.6 0,4" 1.6 0.3
a By all criteria, rats in all stages of Heymann nephritis were significantly different from age-matched normal controls, with the single exception
of the 50—75% category of brush border absence, for which early and late chronic stages were not different from their respective controlsb Significantly different from the acute stage
Evaluated by means of an arbitrary scoring system (0 to 3) described in Methods section
ETEA also remains depressed many months after acute proximal
tubule injury in Heymann nephritis.
A dissociation between recovery of proximal tubule morphol-
ogy and function has been described to follow brush border loss
in experimental renal ischemia [35, 361. Glucose and sodium
reabsorption remained depressed despite complete restoration
of microvilli to the luminal membrane of proximal tubule
epithelium. Johnston, Rennke and Levinsky [36] suggested that
the presence of a newly reconstituted brush border may not
guarantee that all functionally important membrane compo-
nents have been inserted. Failure to regain normal handling of
organic ions in chronic Heymann nephritis may be an example
of a similar phenomenon.
Discrepancies between improvements in glomerular and tu-
bular functions were noted in chronic Heymann nephritis. Since
the proteinuria in acute Heymann nephritis far exceeds the
macromolecular reabsorptive capacity of the proximal tubule
[37], the reduction of proteinuria and albuminuria in chronic
Heymann nephritis indicated partial recovery of glomerular
permselectivity to macromolecules. As a consequence, plasma
protein and albumin concentration improved significantly. The
site and/or mechanism of this recovery of glomerular function
remain to be identified.
The clinical relevance of the analysis of proximal tubule
dysfunction in Heymann nephritis can only be suggested.
Rainer et al [38] found pronounced structural interstitial lesions
in 30% of patients with chronic glomerulonephritis. Those
lesions were accompanied by disturbances in urine dilution or
concentration capacity and/or reductions in abnormalities at the
distal nephron level, but provide no information on proximal
tubule function. Despite attempts to identify Heymann nephri-
tis-like immunopathology in man, only the report of Douglas et
a! [39] has provided convincing evidence that a similar disease
involving both glomeruli and tubules may occur in man. Nev-
ertheless, it remains a possibility that pathogenetic events
similar to those in Heymann nephritis have been overlooked or
misinterpreted. For a variety of reasons, immunopathogenetic
mechanisms in human tubulointerstitial nephritides have been
difficult to recognize in the past and have only been appreciated
after the description of similar phenomena in appropriate ani-
mal models [40]. Furthermore, although proximal tubule dam-
age resulting from a mechanism identical to Heymann nephritis
may prove to be a rare event in man, it seems likely that
tubules, like glomeruli, may have only a limited spectrum of
possible responses to injury. The Heymann nephritis model
illustrates that proximal tubule insufficiency of potential clinical
importance, resulting from acute or relatively brief periods of
injury, might persist long after histological or immunopatholog-
ical evidence of severe tubule damage has disappeared. Func-
tional parameters may provide a more sensitive index of
whether prior injury to tubules has occurred in glomerulone-
phritis.
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